We have performed two-photon f luorescence detection in a new scheme in which femtosecond laser pulses were delivered thorugh an optical fiber for nonlinear excitation and the emitted f luorescence was collected through the same fiber. Single-mode fibers were determined to give higher detection efficiency than multimode fibers, consistent with theoretical considerations. The utility of fiber-optic sensing based on two-photon f luorescence detection was proved by an experiment that measured the uptake of a targeted drug delivery agent into cultured cancer cells.
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Examples of its applications include the detection of organophosphate nerve agents, 3 nitric oxide produce by BALB͞c mouse macrophages, 4 and oligonucleotides in DNA hybridization assays. 5 Many of these studies utilized conventional one-photon f luorescence measurements as an anlytical tool. In this study we conducted two-photon f luorescence (TPF) measurements through an optical f iber, motivated by the advantages of TPF compared with one-photon f luorescence. The small excitation volume in close proximity to the f iber tip permits local detection at a specific site. The use of near-infrared light permits minimization of photodamage to living cells and drugs, in contrast to excitation by energetic UV photons. The large separation in wavelength between excitation and TPF emission facilitates elimination of detection background noise. Finally, a single laser source may be used to excite a wide variety of f luorophores.
Our goal in this study is eventually to perform real-time in vitro monitoring of biological processes. Thus the excitation and collection of TPF are accomplished through the same optical f iber. Here we discuss the trade-offs between optimal excitation and optimal collection and demonstrate the successful operation of the f iber biosensing in a real system by measuring the uptake of a targeted drug delivery agent into cancer cells.
A homemade Ti:sapphire laser providing 80-fs pulses at 830 nm with an 80-MHz repetition rate was used for two-photon excitation (Fig. 1) . The ultrashort laser pulses were coupled into an optical f iber, and the output end of the optical fiber was immersed in a sample. For simplicity, we did not compensate for the material dispersion of the fiber. The TPF emitted was collected through the same f iber and separated from the excitation by a dichroic mirror. Then it was focused onto the entrance slit of a spectrometer, and the wavelength-resolved output spectrum was further f iltered with a short-pass filter before being detected by a photon-counting photomultiplier tube.
For our initial tests we used a carboxy f luorescein water solution as a sample and detected strong TPF signals, which experimentally verified the feasibility of collecting TPF through the excitation fiber. To optimize the TPF detection eff iciency we tested various kinds of fiber, including single-mode f iber (SMF) and graded-index and step-index multimode f ibers (MMFs). Figure 2 shows the dependence on excitation power of the f luorescence signal for each fiber. The quadratic power dependence confirms that the signal is two-photon f luorescent. The f luorescence signal from SMFs is higher than that from MMFs, whereas the eff iciency of graded-index MMF fiber is higher than that of step-index MMF. This result is apparently similar to that described in Ref. 1; however, that experiment used optical fibers only to deliver laser pulses for excitation while detecting the f luorescence outside the f iber at a 90 ± angle relative to the direction of the excitation beam. It is not immediately obvious that SMF should lead to larger signals; the SMF permits higher peak intensity at the fiber exit tip than does MMF, which increases the two-photon excitation rate. The lower numerical aperture (NA) of SMF would imply, however, that the f luorescence collection efficiency is superior for MMF. To understand the trade-off between NA and the effects of dispersion in determining the signal level, we performed the following calculations. The detected TPF power P f is given by
where h is the quantum yield of the f luorophores, f͑z͒ is the f luorescence collection efficiency detemined by the NA of the f iber, I out ͑z͒ CP L ͓͞Rt out pW 2 ͑z͔͒ is the laser peak intensity at a distance z from the fiber tip, C is the f iber coupling efficient, P L is the average incident laser power, R is the repetition rate of the laser pulses, t out is the duration of the excitation pulse after its propagation through the f iber, and W ͑z͒ is the laser beam's radius at position z. The analytical solution of relation (1) is
where n is the refractive index of the sample, l is the laser wavelength, and a is the radius of the fiber core. For a SMF, material dispersion stretches the pulse at the output to
where L is the f iber length, t in is the duration of the incident pulse, and L D t in 2 ͞b 2 is the dispersion length, where b 2 represents the group velocity dispersion. For a step-index MMF, multimode distortion is normally much larger than material dispersion, which therefore is neglected in the following calculation. The broadened pulse duration at the output end of the fiber is given by 6 t out n core ͑NA͒ 2 L͓͞cn clad ͑n core 1 n clad ͔͒ .
Substituting Eqs. (3) and (4) into relation (2), we calculated the relative TPF power detected with a SMF and with a step-index MMF. Figure 3 (a) indicates that SMF is more efficient than a step-index MMF for TPF detection. The reason is that the lower collection efficiency (NA) of the SMF is more than offset by the high peak power in the sample. This result is qualitatively consistent with our experimental f inding, although the calculated ratio of the intensity between SMF and step-index MMF is 1 order of magnitude higher than that of the experimental result. This difference is understandable: The calculated TPF intensity through a MMF is underestimated because for Eq. (4) it is assumed that the energy of the excitation pulses is equally distributed to all the available modes. Figure 2 shows that a graded-index MMF is more efficient in TPF detection than a step-index MMF; this is so because of the smaller modal dispersion of the graded-index fibers.
We have demonstrated the operation of the probe in a specific application -sensing and quantifying the uptake of a targeted drug delivery agent into cancer cells. The system investigated consisted of the cultured KB cell line (a subline derived from the cervical carcinoma HeLa cell line), targeted by use of a novel dendrimer-based drug delivery agent. Dendrimers are a novel class of polymer macromolecules 7 -11 whose size, shape, and functionality can be controlled at a molecular level. The use of dendrimers for increased efficacy and reduced toxicity as agents for targeted drug delivery is being investigated. 9 The dendrimers used in this experiment are both conjugated to a f luorescent dye to permit optical sensing of the presence of dendrimers in the cells and to folic acid (FA), which enables the dendrimers to be selectively taken up by FA-receptor-positive KB cells. Specifically, we investigated the binding of G5-FI-FA [generation-5 (G5) poly (amidoamine) dendrimers conjugated with f luorescein isothiocyanate (FI) and FA] and control dendrimer 12 G5-FI to KB cells. First, the TPF of standard solutions of G5-FI and G5-FI-FA in the absence of KB cells was measured by use of the SMF probe discussed above and exhibited the expected linear concentration dependence [ Fig. 4(a) ]. We then measured the TPF power from cultured KB cell pellets treated with various concentrations of dendrimer solution. The measured f luorescence can be used in determining quantitatively the number of dendrimer molecules bound to the KB cells. In Fig. 4(b) we show the binding as a function of the concentration used to treat the cells. The total G5-FI -FA bound to the KB cells is significantly higher than the G5-FI, as expected because the G5-FI is taken into the cells nonspecifically. Both the binding parameters and the saturation kinetics are consistent with our previous f low cytometric data. 13 The optical fiber probe thus appears to be promising for real-time in vivo monitoring of the uptake of dendrimer-based drugs into tumors.
